A. comprehensive study of the direct photoluminescence from free-exciton states in GaN using polarization-dependent and magnetooptical measurements is presented. We measured and identified fine-structure splittings in the n = 1 state of the A-exciton. From the magnetoluminescence data obtained in fields up to 15 T we determined the g-valfiies of the conduction and valence bands parallel and perpendicular to the c-axis. Self-organized hexagonal GaN pyramids of 5 μm width and covered by six {1101} side facets were investigated by spatially resolved cathodoluminescence and micro-Raman spectroscopy. Beside a narrow luminescence peak at 355 nm, originating from the 2 μm thick GaN layer, an additional broad luminescence band was observed from the GaN pyramids around a wavelength of 357 nm. A strong energy shift is found along the {1101} pyramidal facets and directly visualized by monochromatic cathodoluminescence images and line scans. In GaN epilayers grown on GaAs substrates a series of sharp modes in the range between 60 cm -1 and 250 cm -1 for temperatures below 100 K was found. The intensities of these modes increased drastically with decreasing temperature. Raman excitation spectra showed a maximum between 514.5 nm and 568 nm. A comparison of spatially resolved investigations with that of intentionally doped GaN epilayers showed that the in-diffusion of As from the substrate plays an important role. Raman spectra as a function of external fields, like magnetic field and hydrostatic pressure, gave additional information about the defect type and the underlying scattering mechanism.
Introduction
Excitons play a key role in the investigation of basic optical and electronic properties of wide-band semiconductors. Rapid progress in this fleld in recent years notwithstanding the excitonic fine structure very much featured in fundamental research and discussions [1] . For many wide-gap semiconductors it was investigated by means of transmission and reflection spectroscopies. For the case of GaN reflection spectra have been published by many groups revealing mainly the energy differences between the three top valence bands and some fine structure due to higher excited states (e.g., [2] ). Transmission spectroscopy in the excitonic range, however, could not reveal any fine structure, mostly because only light polarized perpendicular to the c-axis can be used for epitaxial layers. Much of the fine structure information on excitons in hexagonal wide-gap semiconductors was obtained from the "forbidden" polarization E c. To overcome this problem many-photon absorption has been used for GaN [3] . In the first part of the paper we show that carefully analyzed polarized photoluminescence spectra give a comprehensive access to the excitonic fine structure of GaN. In the second part we will discuss the influence of strain in epitaxially lateral overgrowth GaN samples and in the final third part we use the μ-Raman spectroscopy to investigate the incorporation of defects in GaN samples.
Excitonic fine structure
Typical emission spectra of thick GaΝ samples grown by hydrogen vapor phase deposition (HVPE) often shows narrow A-, B-, and C-exciton lines that could be used to investigate the excited states of free and bound excitons. The identification was made on the basis of reflection measurements [4] and supported faster by our magnetooptical experiments presented below. Figure 1 displays the low-temperature (LT) emission of polarized photons from a side face of a f r e e -s t a ndi ng 300 μm t hi c k s a mpl e a f t e r ba nd-t o-ba nd e xc i t a t i on i n t he r a nge of the n = 1 state of the A-exciton. In Fig. 1 , the detected light is polarized perpendicular (a) and parallel (b) to the c-axis. Both spectra are well fitted by a sum of two peaks and the underground from the neighboring weak B-exciton emission on the low-energy side and the stronger donor-bound B-exciton (D0, ΧΒ). While the high-energy peak is seen at the same energy of 3.48000 eV in both polarizations within our experimental accuracy a difference in the low-energy peak positions is observed between the perpendicular and parallel polarizations of Figs. 1a and b, respectively. In perpendicular polarization the measured peak position is 3.47904 eV while in parallel polarization we find 3.47892 eV. We identify the latter value with the energy of the spin triplet state (Γ6 ) of the A-exciton and the former with that of the lower transverse branch of the spin singlet state (Γ 5 T). Thus, the energy difference of 120 ά 100 μeV between the peaks corresponds to the splitting of these states caused by the exchange interaction between electron and hole in the Γ 5 T state [5] . We assign the peak energy of 3.48000 eV seen in both spectra to the position of the longitudinal branch of the spin singlet exciton (Γ5 L ). This gives a value for the LT splitting of the Γ5 state of 1.0 ά 0.1 meV. This value is in very good agreement with the analysis of the reflection data mentioned above [4] .
Figs. 2a and b for H c and H 1 c, respectively. For H || c the analysis of the energy differences reveals that the twofold splittings of both Γ5 and Γ6 states each follow the expected linear behavior. Thus, the g-values of the electron and the hole for this configuration can be determined, and they are gel = 2.3 ± 0.2 and q | | h h = -1 . 3 ± 0 . 2 . T h e d i a m a g n e t i c s h i f t o f t h e Γ 6 s t a t e s i s 4 . 0 ± 0 . 3 μ e V / Τ interesting to note that the expected nonlinear splitting at low fields between the longitudinal and transverse Γ5 states is indeed observed. It could not be observed in, e.g., CdS due to the large zero-field LT splitting of 2.1 meV which is large enough to quench this mixing [6, 7] . This point will be further discussed below. The observation of the mixing of these states is a very strong evidence for the correctness of our assignment of the respective emission lines and the value of the LT splitting determined in the zero-field PL spectra.
For H 1 c one expects a mixing between Γ5 and Γ6 superimposed on the twofold spin splitting of each state. Due to the weakness of the emissions on the high-energy side of the Γ5 in this configuration we can follow the Γ5L only up to 8 T. From there on a weak shoulder at lower energies due to emission from the Γ6 state can be observed from which a resolution of the splitting m this state is not possible. From the splitting of the Γ5T and Γ6 states at higher fields the conduction band g-value is determined for this configuration and amounts to 2.010.2, in good agreement with the results of other studies [8] [9] [10] .
To summarize the results of this section, using polarized PL and m a g n e t o l u m i n e s c e n c e w e w e r e a b l e t o d e t e c t f o r t h e f i r s t t i m e t h e c o m p l e t e f i n e s t r u c t u r e o f the n = 1 state of the A-exciton and its behavior in magnetic fields parallel and perpendicular to the c-axis.
Selective epitaxial growth of GaN
The selective epitaxial growth of GaN was performed on a 2 m thick GaN (0001) layer grown on a sapphire (on axis α-Αl2O3 (1120)) substrate using an AlN buffer layer. Α 50-60 nm thick SiO 2 mask was patterned by photolithography and subsequent etching to form hexagonal windows. The pattern consists of three periodic triangular lattices of hexagons having a width of 5 m and lateral distances of 10 m, 20 m, and 40 m, respectively. Finally, GaN was selectively grown on top, creating the periodic arrays of hexagonal shaped pyramids covered by the six {1101} pyramidal facets. No GaN is deposited on the SiO2 mask. Growth details have been given elsewhere [11, 12] .
The microscopical optical characterization was performed using spatially resolved cathodoluminescence (CL) and micro-Raman spectroscopy.
The spatially integrated low temperature (5 K) CL spectrum is shown in Fig. 3 , together with local CL spectra obtained from the flat 2 m GaN layer between the masked pyramids, as well as the spectrum originating from the pyramids, respectively. Beside a narrow luminescence peak at λ 1 = 355.0 nm (Ε1 = 3.492 eV) with a FWHM = 8 meV, stemming from the 2 m thick GaN layer below the SiO2 mask, an additional broad luminescence band is observed as a weak shoulder in the integral spectrum and is identified in the local CL as originating from the pyramids. This band is centered around λ = 357.1 nm (i.e. Εp = 3.471 eV) and is very broad with a FWHM = 52 meV, which indicates a local band gap fluctuation within the pyramid. This band-gap gradient from the base to the top of the GaN pyramids can be directly visualized through monochromatic CL images. Starting with an emission wavelength of 355.6 nm at the very top and at the edges of the pyramid, the whole 80% of the pyramid shows bright CL when λ approaches 357.1 nm (3.471 eV), i.e., the emission of (D0, Χ) for un-strained or completely strain-relaxed GaN [13] . In addition, a strongly red-shifted CL with λ > 360.6 nm is emitted from the base area of the pyramid. A set of local CL spectra recorded at different positions along a {1101} facet from the bottom to the top of a pyramid, plotted in Fig. 4 , strongly confirms this observation. The different emission energies reveal the compressive strain of the 2 m thick GaN layer in contrast to the gradual relaxation of strain along the pyramid. From spatially resolved micro-Raman measurements performed at a position between the pyramids as well as focused on top of the pyramids, a compressive biaxial stress of σa = 0.95 GPa (taking into account the best known value of 4.2 ± 0.3 cm -1 GPa; 1 for the Ε2(high) Raman mode [14] ) was found for the 2 m GaN layer whereas no stress is found when averaging over the pyramids. T h u s , t h e C L r e s u l t s a r e i n p e r f e c t q u a n t i t a t i v e a g r e e m e n t w i t h t h e s t r a i n d i s t r i b u t i o n obtained by Raman microscopy.
The stress distribution inside the pyramids and the 2 m connecting base layer has been investigated by elasticity theory through simulation by the finite--element method. The ingredients for the elasticity theory are the mismatch between GaN and the substrate and a set of elasticity constants. In the case of epitaxial growth the mismatch would have been given by the difference in the lattice constants. Our measurements seem to reflect a strong remnant of the epitaxial character of the material, in spite of dislocations and impurities in the sample. We were therefore encouraged to incorporate these uncertainties into a new mismatch parameter ε ' between the sample and the sapphire substrate and buffer, and continue to use epitaxial elasticity constants. The value of εα was adjusted to produce the biaxial stress σxx observed in the connecting base layer.
Elasticity constants for epitaxial GaN from various authors have been tabulated in Ref. [14] . Our simulations showed that there was no qualitative difference in the stress distributions resulting from different sets of elasticity constants. εα was flrst adjusted to produce = 1 GPa for a uniform fllm. We obtained ε'1 = 0.2%.
As subsequent simulations demonstrated, the same ε' led to σxx σyy 1 GPa in large parts of the connecting base layer even in the presence of pyramids. For this calculation, the lateral separation of the pyramids was 10 m, the width of the hexagon was 6.66 m, and the height of the pyramid was 10 m. Due to rotation and mirror symmetries of the hexagon, simulation of only 1/12 of the materials is necessary. A closer examination of the stresses along the sides of the pyramid revealed that the stress free volume extends 3/4 of the way down from the top of the hexagon.
In Ref. [14] the stiffness matrix elements for the hexagonal GaN have been approximated by Young's moduli and Poisson ratios using Voigt averaging, i.e., elasticity constants for isotropic materials. The conclusions of our simulation remain the same, had we used the modified constants for isotropic materials. Moreover, combining the elasticity constants, whether for hexagonal or modified isotropic materials, from various authors listed in Ref. [14] and our mismatch parameter εα , the biaxial stresses σxx 1 GPa in all cases.
Defect phonons in GaN
Low-temperature Raman spectra of GaN films grown epitaxially on GaAs show, apart from the host lattice modes, a series of sharp lines in the low-energy spectral region. The intensity of these lines decreases nearly exponentially with increasing temperature and the lines disappear at room temperature. Since a vibrational Raman-scattering process should exhibit the opposite temperature behavior, i.e., an increase with increasing temperature [15] , an electronic origin of these Raman lines seemed to be very likely. Ramsteiner et al. [16] reported on the observation of four such lines and interpreted these as electronic Raman transi-tions in a shallow donor in GaN. However, our measurements reveal the occurrence of additional lines which do not fit this model [17] . In contrast, in this work we present evidence that all lines are of vibrational, not of electronic, origin and we show that the responsible defects are related to the incorporation of As impurities into the GaN layers. Figure 5 gives an overview of the phonon lines investigated in this paper. It shows a typical low-temperature Raman spectrum of a GaN layer grown on GaAs excited at 514.5 nm (2.41 eV). Apart from the host phonon modes of GaN (cubic TO and hexagonal Ε2(high)) and GaAs (TO and LO) the low-energy part of the spectrum consists of several sharp lines, which are even more intense than the host Raman modes. We found in total at lea8t 10 of these line8. The most intense lines are located at 95, 150, 190, 220, 235, and 250 cm -1 .
At first glance, considering the energy positions, one tends to assign these lines to second-order Raman scattering or to disorder-activated scattering either in the GaN layer or in the substrate. But the comparison with second-order Raman spectra of cubic and hexagonal GaN [18] as well as of GaAs [19] and the consideration of the phonon dispersions [18] show that these low-energy lines cannot stem from the GaN or GaAs host lattices. The low-energy parts of the second-order Raman spectra of GaN are dominated by structures at 314 and 415 cm -1 . The lowest flat-running phonon branches which lead to a high phonon density of states and thus should be seen in disorder-activated scattering are located at around 150 cm -1 . Consequently, the lines in question can only stem from defects built in the host material. These defects become visible in the Raman spectra either due to their vibronic or electronic excitations. For reasons of identification we will call these lines in the following defect lines. To scrutinize that they are really connected to the GaN layer and not to the substrate we also performed spatially-resolved micro-Raman measurements as well as measurements on series of samples with varying thicknesses. Both measurements confirm that the lines occur only in the GaN films. A line scan over the cross-section of a GaN/GaAs interface demon-strates that the intensities of the defect lines follow that of the GaN TO phonon mode, proving that they stem from the GaN layer not from the substrate.
In the following we will now focus on the question of the scattering mechanism and then turn to the identifIcation of the defects involved in the scattering process. The defect lines weaken with increasing temperature and nearly disappear at 240 K. The intensity variation with temperature I(T) can be fitted by the following formula [16] : which gives us an activation energy Eact of each line. The parameters Á and C are temperature independent. We found activation energies in the range from 10 to 60 meV depending on line and sample. This temperature behavior confirms the exclusion of host-lattice vibrations. Since defect lines exhibit the opposite temperature behavior, keeping in mind that vibrational Raman scattering from in-built defects should not follow the observed temperature behavior. Therefore, does this behavior already show that the defect lines are caused by electronic excitations of the defects in which the thermal occupation of the involved electronic states leads to the peculiar temperature dependence?
To answer this question one has to consider first which vibronic excitations of defects may be possible. One distinguishes between local modes, gap modes, and resonant (band) modes [20, 21] . If the impurities built in the host lattice is of lower mass than the host atoms, one can observe local modes with frequencies higher than the phonon dispersion of the host lattice. This is obviously not the case here. Also gap modes can be ruled out. The defect lines are located in the acoustic region of the GaN phonon dispersion where no gap in the phonon density of states exists [18] . Under normal circumstance, those defect modes, which are degenerate with acoustic vibrations of the host material, should not be visible because motion relevant to the defect will rapidly degenerate into motion of the surrounding lattice, providing no discrete phonon states. Those modes can only be excited under resonant conditions (resonant (band) modes). Indeed, our defect lines exhibit a strong resonance behavior. They are excitable only in the region of the yellow luminescence between 2.0 and 2.5 eV as can be seen from the Raman spectra taken with different excitation energies. It is thus conceivable that the lines are caused by vibronic excitations of the incorporated defects with only the resonance process having the observed temperature dependence. The scattering process would then have an indirect temperature dependence in contrast to the case of electronic Raman scattering in which the temperature dependence is caused directly by the thermal occupation of the involved electronic states.
Which electronic Raman processes could be possible? To explain the low energies of the lines only inner transitions in a shallow defect need to be considered. Acceptor transitions, as for example found in GaP [22] , ZnTe [23] , or ZnSe [24] are unlikely because our samples were all n-type and thus all acceptor states were occupied. In addition, the corresponding transition energies would be too large to fit the experimental findings, thus remaining only inner transitions in shallow donors. The latter also allow a straight forward explanation of the thermalization although optically determined activation energies do not need to be the same as those found in electrical measurements. However, in the case of inner transitions in shallow donors one would expect broader lines and an influence of the free carrier concentration which we could not observe in our samples [25, 26] . The high impurity concentration should lead to the formation of impurity bands resulting in a strong broadening of the lines. In Ref. [16] four of the lines at 189, 237, 151, and 217 cm -1 were attributed to an electronic Raman process in which electrons were excited from a deep acceptor level into the excited states of a shallow hydrogen-like donor. One pair of the lines at 189 and 237 cm -1 were interpreted as the 1S-2S and 1S-3S inner transitions in cubic GaN and the other pair should belong . a the same transitions in the hexagonal modification of GaN, which was built in their samples as a minority phase. As we have already commented, our observation of additional lines with similar temperature and resonance behavior and thus similar origin contradicts this model [17] .
In order to clarify the scattering mechanism we performed magnetic-field and pressure-dependent measurements on our samples. The intention was to observe characteristic shiftings and/or splittings of the lines in the case of an electronic Raman scattering process. Besides, pressure-dependent measurements allow us to tune continuously the band gap of the material investigated and thus to get further information on the resonance process. In our magnetic-field observation up to fields of 15 T we observe no shifting and splitting of the defect lines. This indicates that the defect lines are due to vibrational Raman scattering processes. Because the lines are not affected by an external magnetic field, inner electronic transitions in defects are very unlikely.
Similar to the study of the magnetic-field behavior, measuring the splitting/shifting of the lines in question under high hydrostatic pressure gives us more detailed information about the scattering mechanism and about the responsible defects.
Raman spectra taken from a GaN/GaAs sample with increasing hydrostatic pressure up to 6.1 GPa exhibit no shift and no splitting of the defect lines. From the constancy of the line positions inner transitions in a shallow defect can be excluded. Applying hydrostatic pressure increases the band gap energy leading to an increase in the effective mass of the defect. Consequently, the energies of inner defect transitions also increase with applied pressure and one would expect a shifting of the Raman lines.
In addition, we investigated the effect of pressure on the temperature and on the resonance behavior. Our measurements reveal that neither changes significantly. We compare two low-temperature Raman spectra taken at 3 GPa exciting at 514.5 nm and at 488 nm. Although a pressure of 3 GPa was applied to the sample the defect modes are still much more intense when exciting at 514.5 nm than at 488 nm. This result has an important consequence for the involved resonance states. At first glance a link to those electronic states which are responsible for the yellow luminescence seemed to be likely because the Raman excitation profile of the defect lines is located in the same energy region. Although in this case one would already have to consider that the Raman excitation profile should not follow the luminescence but instead the luminescence excitation spectrum, because only the latter one reflects the energy positions of the involved electronic states. Consequently, one would expect an increase in the resonance profile in the high-energy region which is not found experimentally. Our high-pressure measurements confirm these doubts. They demonstrate that the resonance states of the defect modes can neither belong to the yellow luminescence nor to any states related to the conduction band. In both cases one would expect a shifting of the resonance profile of about 120 meV, based on the experimentally found pressure coefficient of 40 meV/GPa [27, 28] . If a shallow defect or the conduction band would be involved in the resonance process one would expect the inverse intensity distribution. The defect lines should be more intense in the spectrum excited at 488 nm than in the spectrum excited at 514.5 nm. In conclusion, no shallow states can be involved in the resonance process.
, After clarifying the principle scattering mechanism we now turn to the identification of the responsible defects. We performed measurements on several series of undoped GaN layers grown on different substrates and by different growth techniques (MBE, MOCVD, HVPE). The defect lines were present only in those spectra which were taken from GaN layers deposited on GaAs substrates. We thus assumed that the incorporation of arsenic from the substrate into the layer might form defects which are responsible for the lines in question. To prove our assumption we measured GaN layers grown on sapphire which were intentionally doped with arsenic. Secondary-ion mass spectroscopy (SIMS) revealed an arsenic concentration of around 1018 cm -3 in this layer, which is in the same range of the arsenic concentration in our GaN/GaAs samples [to be published elsewhere]. A spectrum taken from one of these samples after excitation at 514.5 nm is shown in Fig. 6 .
• The strongest lines are located at 96, 178 . , and 235 cm-1. The broad background below 300 cm -1 is due to disorder-induced scattering and can also be observed in GaN/GaAs and in ion-damaged GaN. The energy positions are in very good agreement with the lines known from the GaN/GaAs samples. The lines also exhibit the same temperature behavior. They decrease nearly exponentially in intensity with increasing temperature. The activation energies are between 10 and 60 meV, i.e., in the same range as the lines known from the GaN/GaAs samples. We are thus certain that these lines have the same origin and that the incorporation of arsenic into the GaN layer leads to the responsible defects. But it remains unclear whether arsenic is directly involved, i.e., whether the defect contains arsenic, or arsenic acts only as a catalyst. We also investigated Si-, C-, and Mg-doped GaN samples grown on sapphire, but we could not observe any of the defect lines. It is noteworthy that the resonance behavior differs slightly from the one in GaN/GaAs, in that the narrower lines at 95 and 105 cm -1 are even more intense when exciting in the red spectral region.
Summarizing our results, the low-energy Raman lines cannot stem from the host GaN or substrate lattice. Neither disorder-activated scattering nor second--order Raman scattering can explain their energy posltions and , their small line widths. We thus related these lines to excitations of in-built defects. This is confirmed by the unusual temperature behavior. As the comparison of several series of samples showed, the hnes occur only in samples grown on GaAs. But the lines can also be produced in GaN layers grown on sapphire when doping these layers with arsenic clearly shows that the lines are associated with arsenic-related de-fects. The lines decrease drastically in intensity with increasing temperature and vanish at room temperature excluding normal vibrational Raman scattering as their origin. This temperature behavior. can be explained by two opposite types of defect-scattering mechanisms: Either the lines originate from electronic Raman transitions in which the thermal occupation of the involved electronic defect states serves for the temperature dependence or the lines are caused by resonant vibrational Raman scattering (resonant modes) in which only the resonance process exhibits the thermalization. Our magnetic field-dependent and pressure-dependent Raman measurements clarified this point. Because neither splitting nor shifting was observed in these measurements inner electronic transitions of defects are very unlikely. Thus, our results strongly indicate a resonant vibrational Raman process, with only the resonance having the observed temperature behavior.
In conclusion the temperature behavior indicated an electronic Raman scattering process, our pressure-and magnetic-field dependent measurements definitely show that they are of vibrational origin, most likely resonant modes of arsenic complexes in the GaN layers.
